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Abstract 
 
Molecular-level computer simulations of restricted water diffusion can be used to develop models for relating diffusion 
tensor imaging measurements of anisotropic tissue to microstructural tissue characteristics.  The diffusion tensors resulting 
from these simulations can then be analyzed in terms of their relationship to the structural anisotropy of the model used.  As 
the translational motion of water molecules is essentially random, their dynamics can be effectively simulated using 
computers.  In addition to modeling water dynamics and water-tissue interactions, the simulation software of the present 
study was developed to automatically generate collagen fiber networks from user-defined parameters. This flexibility 
provides the opportunity for further investigations of the relationship between the diffusion tensor of water and 
morphologically different models representing different anisotropic tissues. 
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1. Introduction 
In this work, computer software was developed to simulate water diffusion in model biological 
tissues.  This was to provide quantitative data for interpreting diffusion tensor magnetic resonance 
images of anisotropic tissue.  Diffusion tensor imaging has direct applications in medical research such 
as brain research (Beaulieu, 2002) (Mori, Zhang, 2006), biomechanics and organization of articular 
cartilage (Meder, de Visser, Bowden, Bostrom, Pope, 2006) (Knauss, Schiller, Fleischer, Karger, Arnold, 
1999) and clinical diagnosis of medical conditions such as stroke, diffuse axonal injury and brain 
tumors.  By using magnetic field gradient pulses for spatial encoding and sensitization of the signal to 
diffusion, diffusion tensor imaging can measure the diffusion tensor of water in tissues.  The 
anisotropy of the diffusion tensor is indicative of the presence and degree of preferred alignment of 
cells, collagen or nerve fibers in the tissues imaged. 
                                                          
* ADDRESS FOR CORRESPONDENCE: Konstantin, Momot, QUT, GPO Box 2434,Brisbane, Qld. 4001,Australia 
   E-mail address: k.momot@qut.edu.au / Tel.: +61-7-3138-1173 
Firs Author name et all. / Procedia Information Technology (2012) 000-000 
 
  2
Current knowledge about the relationship between the measured diffusion tensor and tissue 
morphology has been developed through the use of diffusion tensor imaging experiments on 
independently characterized tissues (Meder et al., 2006)(Basser, Mattiello, Lebihan, 1994)(Avram et 
al. 2008), theoretical analysis (Hasan, Narayana, 2006), and computer models (Momot, 2011).   
For the present study, molecular water diffusion was simulated using Langevin dynamics in both 
ordered and partially disordered collagen fiber networks.  The resulting diffusion tensors were 
analyzed in terms of their relationship to the structural anisotropy of the model used.  The effect of 
the integration step size on the accuracy of the water dynamics modeling was also investigated.   A 
linear relationship was found between collagen volume fraction and Fractional Anisotropy in ordered 
cartilage models.  It was also found that the introduction of positional and radial disorder into the 
networks did not appreciably change the diffusion tensor.   
The simulation software was written in c++ and optimized for processing on multi-CPU 
supercomputers.  It was also designed to automatically generate fiber networks from user-defined 
parameters, providing the opportunity for the further studies of molecular water diffusion in a range 
of different anisotropic tissues. 
2. Methods 
2.1. Langevin dynamics equation 
The governing equation for the water dynamics and water-fiber interactions used in the simulation 
software is given by the stochastic differential equation known as the Langevin equation, 
     (1) 
 
Where m is the mass of the water molecule, and r is its location.  In the context of the present 
study, this equation describes the net force acting on each water molecule as the sum of three 
different forces: (1) a quasi-randomly directed force arising from interactions with the surrounding 
water molecules, γ(t) (2) a deterministic external force -∇Uc, representing interactions with the model 
collagen fiber walls, and (3) a hydrodynamic friction force, -β dr/dt.  
Figure 1. (left) a 3D molecular model of a synthetic collagen-like model peptide T3-785 containing a segment of 
human type III collagen.  (mid)  3D image showing assembly of the model collagen fiber outer wall. (right)  Profile 
image of the assembled collagen fiber showing the 'rough' surface at the atomic scale. The arrows indicate the 
direction of the paths used to compute the interactions between the probing water molecules and the fiber atoms.
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2.2. Construction of the course-grained collagen fiber networks and simulation parameters. 
The molecular structure of the collagen found in articular cartilage consists of a triple helix of 
polypeptide chains or α chains (Karp, 2009).  This structure is assembled into long fibrils, which are 
further wound into larger fiber structures.  These are cross linked into the matrix network of the 
cartilage with various degrees of disorder in different regions.  To replicate the atomic structure of the 
larger fibers, the molecular structure of a segment of synthetic human type III collagen was obtained 
from the Protein Data Bank (Fig 1, left) (Kramer, Bella, Mayville, Brodsky, Berman, 1999).  This was 
assembled into the outer atoms of a partial cylinder for use in determining the surface interaction 
potential (Fig. 1, center).  The forces between a probing water molecule and the surface atoms of the 
fiber model were computed at discrete points along a series of paths normal to the surface, out to a 
distance of 5nm (Fig 1, right).  A least squares fit of this data to a standard 6-12 Lennard-Jones 
potential was then performed. 
The model collagen fibers in the Langevin dynamics simulations were represented as smooth walled 
cylinders.  Simulations were run for fiber networks consisting of 8x8 identically aligned model collagen 
fibers with a regular lattice spacing of 180nm (Figs. 2(a) and 2(b)).  The radii of the fibers were 
adjusted to achieve the desired volume fraction.  Five simulations were run for each of 10 different 
fiber volume fractions, using a water molecule ensemble size of 50,000.   Further Langevin dynamics 
simulations were performed for 30 model AC structures containing 64 aligned 100nm thick fibers with 
their individual positions randomly varied.  The water molecule ensemble size for these simulations 
was 5000 (Fig. 2(c)).  The positional disorder parameter, SP, was computed for each structure as shown 
in the Appendix, Eq. (A1).  An additional set of Langevin dynamics simulations was performed for the 
same parameters, but with fibers regularly ordered and having randomly varied radii (Fig. 2(d)).  The 
radial disorder parameter, SR, was computed as shown in the Appendix, Eq. (A2). 
Figure 2. Top views of the simulation volume showing the arrangement of the model fibers for: (a) ordered networks 
with the smallest fiber volume fraction, (b) ordered networks with the largest fiber volume fraction, (c) fiber networks 
with positional disorder, (d) fiber networks with radial disorder. (e) 2D plot showing the trajectory of a water molecule 
interacting with a fiber wall (large-dashed line on right).  Also shown are 3d perspective views of: (f) an ordered fiber 
network, (g) fiber network with positional disorder, and (h) fiber network with radial disorder. 
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2.3.   Data I/O and optimization of  c++ code for SGI Altix supercomputer 
The c++ Langevin dynamics simulation software was compiled and processed on a 1316 CPU core 
SGI Altix supercomputer.  Periodically during the simulation, a molecule displacement file was also 
output so the latest simulation results were available in the event of unexpected simulation 
termination. Following completion of each simulation, the net molecule displacements, the molecule 
paths, and fiber models were output to data files for calculation of the diffusion tensors. 
2.4. Methods: Simulations of water dynamics in cartilage structures 
The Δt for all simulations was 250fs and the number of simulation steps was 40,000,000 for a total 
simulated duration of 10µs.  Each simulation volume was 1.44µm3 and periodic boundary conditions 
were implemented to optimize processing time and memory requirements.  The longitudinal direction 
was defined as parallel to the axis of the model fibers.  The net displacements of the water molecules 
were used to compute the diffusion tensor according to the established methodology (Momot, 2011).  
Fractional Anisotropy was also computed using the methodology shown in Momot (2011).  Multiple 
fiber networks were processed in parallel on the supercomputer with a total simulation processing 
time for each fiber network of approximately 20 hours.   
3. Results and Discussion 
3.1. The effect of integration step duration on computer simulation accuracy. 
The differential equations that govern molecular motion in Langevin dynamics simulations are 
integrated at discrete time steps, resulting in numerical errors.  If the time step is too large, unrealistic 
modeling of the molecular dynamics occurs.  However, to optimize processing efficiency it is desirable 
to make the step size as large as possible.  One dimensional Langevin dynamics simulations were run 
for the case of a water molecule stepping toward, and interacting with, a model collagen fiber wall. 
Four simulations were run for Δt values of 0.75ps, 0.5ps, 0.25ps and 0.1ps.  Fig. 3 shows the position of 
the water molecule relative to the fiber wall for Δt=0.5ps and Δt=0.25.  These results indicate that 
unrealistic molecular displacements occur for Δt>0.5ps due to the water molecules stepping too far 
into the repulsive part of the Lennard-Jones potential in a single step.  At Δt<0.5ps, the water molecule 
will remain within the Lennard-Jones potential until it is translated away by a randomly directed force. 
Figure 3.  Plots showing the position of a 1D stepping molecule with respect to a fibre wall.  In each step, the
molecule is directed toward the fibre, and also interacts with the fiber potential: (a) integration step duration of
0.5ps. It can be seen that the molecule experience a maximum repulsion at around 55 steps resulting in a
displacement of approximately 3nm in a single step, beyond the effective extent of the water-fiber interaction
potential (b)  integration step duration of 0.25ps. The maximum repulsion experienced by the molecule is
insufficient to displace it outside the water-fiber interaction potential in a single step. 
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3.2.  Langevin dynamics simulations of water diffusion in identically aligned fiber networks. 
Fig. 4(a) shows Fractional Anisotropy as a function of fiber volume fraction for the case of identically 
aligned and ordered fiber networks.  The error bars are calculated from the standard deviation of the 
computed Fractional Anisotropy (FA) for 5 sub-ensembles of 10,000 molecules each.  A least-squares 
fit of the data to a linear model resulted in FA=(0.47±0.02)φ+(0.017±0.004).   Fig. 4(b) shows 
longitudinal diffusivity remains approximately the same for all values of φ, whereas, transverse 
diffusivity reduces with increasing fiber volume fraction.  This is comparable to the results from Monti-
Carlo simulations by Momot (2011), which found a linear increase in Fractional Anisotropy of 0.5066φ 
for ordered and aligned model collagen fibres.   
Fig. 4(c) shows that both longitudinal and transverse diffusivity are invariant to fiber positional 
disorder up to SP ~ 0.4.  Fig. 4(d) shows that longitudinal diffusivity is invariant to radial disorder.  
Transverse diffusivity, however, appears to decrease with increasing radial disorder.  To test if this 
decrease was due to variations in the fiber volume fraction, an F-test was performed to compare 
nested linear models. The full model included both volume fraction and radial disorder parameter as 
predictors, while volume fraction was the only predictor in the reduced model. The null-hypothesis of 
the test was that there was no improvement in using the full model over the reduced model. The P-
value of 0.199 obtained from the test provides no evidence against the null-hypothesis. This means 
that radial disorder is not needed in addition to volume fraction to explain the variation in fractional 
anisotropy seen in the simulations of water diffusion in cartilage structures with radial disorder. 
Figure 4. Result of the Langevin dynamics simulations of molecular water diffusion in model articular cartilage. (a) 
Fractional Anisotropy as a function of volume fraction for identically aligned ordered fiber networks. (b) Longitudinal and 
transverse diffusivity for aligned and ordered fiber networks. (b) Longitudinal and transverse diffusivity as a function of 
SP for fiber networks with positional disorder.  The fibers were 100nm across in all networks.  (d)  ) Longitudinal and 
transverse diffusivity as a function of SR for fiber networks with radial disorder.  
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4. Conclusion 
Computer simulations of molecular water dynamics provide the key for translating experimental 
diffusion tensor imaging data into the morphological characteristics of collagenous tissues.  The results 
of this study can be applied in experimental diffusion tensor imaging to the study of microstructure 
and biomechanics of cartilage and related tissues.  Additionally, the Langevin dynamics simulation 
software developed in this study can be used as a platform for further studies of molecular water 
diffusion in other anisotropic tissue such as neural fibers, tendons or muscle. 
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Appendix 
A.1. Positional and radial disorder parameters  
The positional disorder parameter, SP, was calculated as, 
 
 (A1) 
 
 
where N is the number of fibres, Poi is the location of the unperturbed fibre i, and Pi is the randomly chosen 
location of the  perturbed fibre i. 
The radial disorder parameter, SR, was calculated as, 
 
  
(A2) 
 
 
Where Roi is the initial radius of fibre i, and Ri is the perturbed radius of fibre i. 
